The hypocholesterolemic effects of Lactobacillus acidophilus 43121 (43121) and a mixture of Lactobacillus casei and Bifidobacterium longum (MIX) were studied in hypercholesterolemia-induced pigs. Serum total cholesterol was decreased by supplementation of either 43121 or MIX, although, high-density lipoprotein cholesterol was not changed. The hypocholesterolemic effect of 43121 and MIX was mainly due to bile acid dehydroxylation, this effect being supplementation-time dependent.
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Key words: cholesterol; pig; fecal sterol; hypocholesterolemic effect; lactic acid bacteria Coronary heart disease (CHD) is the most common cause of human death in developed countries. Several studies [1] [2] [3] have reported a high correlation between hypercholesterolemia, especially of low-density lipoprotein, and the incidence of atherosclerosis. In addition, dietary fat and cholesterol are highly correlated with the blood cholesterol concentration. 4, 5) The pig is one of the most suitable models to study atherosclerosis because its distribution of coronary arteries and atherosclerotic characteristics resemble those of a human. Furthermore, apart from their similar digestive systems, pigs and human subjects have also been reported to have a similar lipoprotein metabolism and extensive apolipoprotein homology. 6) Fermented dairy products such as yogurt have been reported to have hypocholesterolemic effects in humans and rats. [7] [8] [9] The possible hypocholesterolemic effect of lactic acid bacteria may be mediated by: i) enhanced bile acid excretion into feces by bile acid deconjugation; 10) ii) enhanced bile acid excretion into feces by bile acid assimilation; 11, 12) or iii) enhanced dietary cholesterol excretion into feces by direct cholesterol assimilation. 11, 13, 14) Enhanced bile acid excretion would result in a decrease in quantity of bile acids returning to the liver, resulting in reduced feedback inhibition of bile acid synthesis and increased conversion of cholesterol to bile acids. Assimilated cholesterol would reduce absorbable cholesterol and directly affect blood cholesterol levels. In our previous in vitro study, L. casei (86.5%) showed higher cholesterol assimilation activity than L. acidophilus 43121 (57.5%), and B. longum (962 U/mg) showed the highest bile acid deconjugation and dehydroxylation activity among 181 species (determined by Noh et al. 15) and Corzo G. and Gilliland S.E. 16) ), so we selected these microbes for an in vivo study. To complement their different hypocholesterolemic effects, B. longum and L. casei were mixed after being freeze-dried. The objective of this study was to induce hypercholesterolemia in the pig and to evaluate the cholesterollowering effect of L. acidophilus ATCC 43121 (43121) and a mixture of L. casei and B. longum (MIX).
L C for 18 h. Cells from each were harvested by centrifugation at 2;000 Â g for 20 min, resuspended in 100 ml of a 10% skim milk solution, freeze-dried, and finely ground with a mortar and pestle. Fresh preparations were made every 5 d of the pig experiment. Freeze-dried lactic acid bacteria were plated on MRS-agar plates, and counted by the 10-fold standard serial dilution technique. A mixture of L. casei and B. longum was prepared by blending each to contain the same amount of live cells. A normal diet was formulated on a corn-soy basis according to NRC (1998) 17) requirements, and HCD included 5 g/kg of cholesterol (Nippon Fine Chemical Co., Ltd., Chuo-ku, Osaka, Japan) and 71.5 g/kg of tallow. The metabolic energy contents of ND and HCD were 3329 and 3594 cal/kg, respectively ( Table 1 ). The same amount was fed to each treatment group, and the daily allowance was corrected according to the feed intake of NRC (1998). 17) Freeze dried L. acidophilus ATCC 43121 and the mixture of L. casei and B. longum was included in the HCD diet, the daily dosages of these lactic acid bacteria being 3 Â 10 7 CFU per pig. Sixty cross-bred (Landrace Â Yorkshire Â Duroc, 6 treatment by 10 replicates) male pigs weighing about 50:1 AE 1:5 kg were individually housed. The experimental protocol was consisted of period I (15 d of hypercholesterolemia induction) and period II (20 d of determining the hypocholesterolemic effect of the lactic acid bacteria). After 4 d of adaptation, the hypercholesterol diet (HCD) and normal diet (ND) were supplied to 50 pigs (treatment groups, HCD) and 10 pigs (control group, ND), respectively (period I). During period II, the ND-fed pigs in period I received same diet as that in period I, and the HCD-fed pigs in period I received different diets: i) HCD; ii) HCD + 43121; and iii) HCD + MIX. The supplementation period for the lactic acid bacteriacontaining diet in period II was divided into long-term and short-term. Long-term was a whole 20 d (period II), and short-term was supplementation of HCD for the first 10 d of period II and supplementation of HCD with lactic acid bacteria for the last 10 d of period II. All animals received humane care in compliance with the guide for the care and use of laboratory animals. 18) Body weight was measured at the end of each period, and on day 10 in period II. Blood was obtained by venipuncture of the external jugular vein at the end of period I and period II. Serum were isolated by centrifugation at 3000 Â g for 20 min. The serum total cholesterol, highdensity lipoprotein cholesterol (HDL), and triglyceride (TG) concentrations were determined by using a commercial kit (Sigma Diagnostics, MO, USA) according to the manufacturer's protocol. At the end of the experiment, the one-day total feces were collected at 19:00, freeze-dried, and homogenized. At the end of the experiment (day 35), the pigs were transported to a local abattoir, slaughtered by a penetrating captive bolt, and exsanguinated. The whole gastrointestinal tract was removed, and the liver was collected. The Longissimus dorsi (L. dorsi) was collected from the right side of the carcass. The collected liver and L. dorsi were used for determining the hepatic and extra-hepatic tissue cholesterol accumulation. Fecal acidic and neutral sterols were extracted by the method of Grundy et al. 19) and analyzed by GLC. Total cholesterol in the tissue was determined by GLC. 20) Each result is presented as the mean AE SD. The statistical significance of the difference between values was subjected to a one-way analysis of variance and then by Duncan's multiple-range test, with values considered significant at P < 0:05.
All the pigs appeared healthy throughout the study. At the end of period I, the body weight gain of pigs was unaffected by the dietary treatment, despite the slight difference in energy content ( Table 2 , P > 0:05). Serum total cholesterol was elevated by HCD; however, HDL cholesterol and triglycerol were not changed (P < 0:05). The HDL vs. total cholesterol ratio was reduced in the HCD group due to increased total cholesterol in the serum (P < 0:05). Hypercholesterolemia was successfully induced by HCD (P < 0:05).
During period II, the body weight gain of the pigs was increased by HCD (P < 0:05), although lactic acid bacteria had no effect on the body weight gain. The feed intake was similar among the treatment groups because of the same amount of feed supplementation. Serum total cholesterol was decreased by the supplementation of 43121 and MIX (Table 3 , P < 0:05), with a much larger decrease being found in the groups supplemented for 20 d with either 43121 or MIX. The HDL concentration was no different among the treatment groups. Supplementation of 43121 and MIX increased the HDL vs. total cholesterol ratio, although 43121 alone effectively increased the HDL vs. total cholesterol ratio with long-term (20 d) supplementation (P < 0:05). The serum bile acids concentration was highest in the HCD group, and lowest in the ND group. The groups fed with 43121 and MIX showed a lower serum bile acids concentration than the HCD group, with a greater decrease being observed in the 43121-fed groups (P < 0:05). The liver cholesterol concentration was increased by HCD (P < 0:05) and decreased by lactic acid bacteria supplementation (P < 0:05). The liver cholesterol concentration was not, however, affected by short-term and long-term supplementation of both 43121 and MIX. The extrahepatic tissue (L. dorsi) content of cholesterol was enhanced by HCD (P < 0:05), and supplementation of 43121 and MIX was effective in reducing the cholesterol concentration in L. dorsi (P < 0:05). Long-term and short-term supplementation had similar effects on the cholesterol concentration in L. dorsi (P > 0:05). The fecal excretion of total neutral sterol by the ND group was significantly lower than that by other groups; neither 43121 nor MIX had any effect on the total neutral sterol excretion. Fecal cholesterol excretion was increased in the HCD groups, and much more cholesterol was excreted via feces in the groups fed with MIX (P < 0:05); however, 43121 did not effectively enhance the fecal cholesterol excretion. Fecal coprostanol, formed by the conversion of cholesterol by intestinal bacteria in the large intestine, was increased by HCD, but there was no such effect among the groups fed with 43121 or MIX. Increased excretion of acidic sterols was found in the HCD groups, and much more acidic sterol was excreted via feces by the 43121 group (P < 0:05); however, MIX had no effect on increasing the acidic sterol excretion. The primary bile acids excretion was similar among the treatment groups in respect of both cholic acid and chenodeoxycholic acid. In both the 43121 and MIX groups, secondary bile acids (deoxycholic acid and lithocholic acid) was increased. Supplementation of 43121 and MIX in HCD increased the fecal excretion of acidic sterols (P < 0:05). Short-term and long-term supplementation did not have any differing effect on the excretion of neutral and acidic sterols. The fecal excretion of supplemented lactic acid bacteria was not changed by cholesterol supplementation, but was by the inclusion of 43121 and MIX (P < 0:05). About a ten-fold-increased excretion was found in the pigs fed lactic acid bacteria (P < 0:05), this increase not being affected by the duration of supplementation.
We investigated the hypocholesterolemic effects of 43121 and the MIX mixture on hypercholesterolemiainduced pigs. Both 43121 and MIX decreased serum total cholesterol, but their mechanism was different. The proposed mechanisms for the hypocholesterolemic effects of lactic acid bacteria are cholesterol and bile acids assimilation, and bile acids deconjugation and dehydroxylation. Gilliland and Walker 21) have suggested that cholesterol excretion was enhanced by the inclusion of lactic acid bacteria or an equivalent microbe in the diet, and in their in vitro study, the disappearance of cholesterol in the media was associated with the appearance of cholesterol in the microbial cells. Bile acid deconjugation and dehydroxylation transform the primary bile acids to secondary bile acids by bacterial 7-dehydroxylase. 10) Most bile acids (95-99%) are re-absorbed in the ileum, and are returned to the liver by enterohepatic circulation. However, lithocholic acid is not re-absorbed because of its insolubility. 22) The increased lithocholic acid excretion via feces reduced decreased serum bile acid concentration (Table 3) ; therefore, bile acid synthesis from cholesterol in the liver might be increased to compensate for the reduced enterohepatic bile acid circulation, resulting in a reduced liver cholesterol concentration. Unfortunately, lithocholic acid is known to be carcinogen of colon cancer which produces DNA single-strand breaks in mouse L1210 cells.
23) The lowdensity lipoprotein receptor (LDLR) on the surface of the liver is regulated by the cholesterol concentration in liver, 22) and reduced cholesterol in the liver might increase cholesterol absorption via LDLR, resulting in a hypocholesterolemic effect.
43121 originates from the pig intestines, and its hypocholesterolemic effects are known to be caused by cholesterol assimilation. 11, 21) In this study, cholesterol excretion via feces was not influenced by 43121, which suggest that the cholesterol assimilation activity of 43121 disagrees with in vitro 11, 21) and in vivo 24) experiments. Our findings agree with those of de Rodas et al., 24) who reported that the hypocholesterolemic effect of 43121 was by means of the increased fecal excretion of bile acids. Thus, the major mechanism for the hypocholesterolemic effect of 43121 is the dehydroxylation of primary bile acids. Park et al. 25) have reported that the inclusion of 43121 in a hypercholesterol diet for rats reduced the serum total cholesterol by increasing the fecal secondary bile acid excretion; however, contrary to these data, they also reported increased fecal neutral sterol excretion. Therefore, further studies on the hypocholesterolemic effect of 43121 in animals and humans (in vivo) must be conducted.
The mixture of L. casei and B. longum also reduced the serum total cholesterol level; however, the mechanism of action was different from that of L. acidophilus 43121. Secondary bile acid excretion was also increased in the MIX-fed group, but much more cholesterol was excreted via the feces than by the 43121-fed group and HCD group. The slightly decreased serum total cholesterol concentration in the MIX groups compared to the 43121 groups might have been caused by increased cholesterol excretion. There is no direct evidence for the absorption of assimilated cholesterol on the cell wall of lactic acid bacteria being reduced. However, Noh et al. 15) have reported that L. acidophilus 43121 grown in the presence of cholesterol had more resistance to mechanical lysis after sonication. This indicates that cholesterol assimilated on the cell wall of lactic acid bacteria is very tightly bound, and this tight binding might decrease absorbable cholesterol in the small intestine, resulting in decrease serum total cholesterol. In our previous in vitro study, L. casei showed higher cholesterol assimilation activity than L. acidophilus 43121.
In conclusion, this study on hypercholesterolemiainduced pigs has demonstrated that bile acid dehydroxylation by lactic acid bacteria effectively reduced the serum total cholesterol concentration, and that the enhanced fecal excretion of cholesterol was in addition to the reduction of serum total cholesterol concentration. This hypocholesterolemic effect was time dependent, regardless of the effect being caused by cholesterol assimilation and bile acid dehydroxylation.
